Abstract. Artificial molecular machines represent a growing field of nanoscience and nanotechnology. Stimulated by chemical reagents, electricity, or light, artificial molecular machines exhibit precisely controlled motion at the molecular level; with this ability molecular machines have the potential to make significant impacts in numerous engineering applications. Compared with molecular machines powered by chemical or electrical energy, light-driven molecular machines have several advantages: light can be switched much faster, work without producing chemical waste, and be used for dual purposes-inducing (writing) as well as detecting (reading) molecular motions. The following issues are significant for light-driven artificial molecular machines in the following aspects: their chemical structures, motion mechanisms, assembly and characterization on solid-state surfaces. Applications in different fields of nanotechnology such as molecular electronics, nano-electro-mechanical systems (NEMS), nanophotonics, and nanomedicine are envisaged.
INTRODUCTION
The human body has numerous biologically inherited molecular motors and machines [1] . In these biomotors, nature elegantly demonstrates that simple molecular components can efficiently link motion from the nanometer scale to macroscopic scales and achieve complex functions once organized and assembled in a precise manner. These functions include, but are not limited to: powering skeletal muscles, synthesizing Adenosine-5'-triphosphate (ATP, the energy source for most living creatures), and producing DNA/RNA (the fingerprint of life). For example, the contraction and the extension of muscles takes place because of mutual sliding myosin fibers (polymer of biomotors) and actin filaments. When appropriately oriented and organized, assemblies of these myosin/actin nanocomposite materials can give rise to substantial macroscopic movements in human muscles.
Compared to biomotors, artificial molecular machines have a much shorter history [2, 3] . Artificial molecular machines were first envisioned by Richard Feynman, one of the greatest physicists and teachers of the twentieth century. In a historic address [4] , he contemplated, "What are the possibilities of constructing molecular-scale mechanical machines … What would be the utility of such machines? Who knows? I cannot see exactly what would happen, but I can hardly doubt that when we have some control of the arrangement of things on a molecular scale we will get an enormously greater range of possible properties that substances can have, and of the different things we can do." In the 1980s, the earliest examples of artificial molecular machines were reported, with most of them based on the photoisomerization of azobenzenes [5] . Since then, the development of artificial molecular machines has become one of the most intriguing topics in the field of nanoscience and nanotechnology. Artificial molecular machines with various well-defined mechanical motions have been developed in the research labs around the world . Figure 1 shows a schematic representation of some basic motions in molecular machines. All machines need power supplies to drive their motions; their function is to convert the supplied energy into mechanical motion to do work. As macroscopic machines require macroscopic energy sources, artificial molecular machines require drastically reduced amounts of energy to undergo directed molecular motions [3, [28] [29] [30] [31] [32] . Three types of energy sources-chemical [33] [34] [35] , electrochemical [36] , and photochemical [37] -have been employed to induce well-defined mechanical movements within molecular machines. Light, or photochemical processes, have several advantages over chemical and electrochemical stimuli in driving artificial molecular machines: light can function at much higher frequencies, act without producing chemical waste, and be used in a dual capacity⎯inducing (writing) as well as detecting (reading) molecular motions [29, 32, [38] [39] [40] . Progress in "bottom-up" synthetic chemistry has led to a variety of light-driven molecular machines [38] . In this review, we discuss the light-driven artificial molecular machines in the following aspects: chemical structures and functions (Sec. 2), assembly on solid-state surfaces (Sec. 3), characterization on solid-state surfaces (Sec. 4), and applications (Sec. 5). Figure 2 shows a multicomponent, bistable rotaxane 1 6+ that has been designed to work as a light-driven molecular machine based on photo-induced electron transfer reactions (its mechanical schematic is shown in Fig. 1a) . The bistable rotaxane is composed of an electronrich macrocycle (M) and a dumbbell-shaped component. The dumbbell-shaped component contains a Ru(II)-bipyridine-based light-harvesting unit (P 2+ ) with a p-terphenyl-type ring system acting as a rigid spacer which separates the P 2+ unit from the mechanical switching moiety. The mechanical switching moiety is composed of a 4,4′-bipyridinium component Figure 3 shows a light-driven catenane 2 2+ [42] . The Ru(II)-complexing catenane consists of a 42-membered ring (M42) which contains a 2,2′-bipyridine (bipy) ligand, interlocked with a 63-membered ring (M63) which contains two 1,10-phenanthroline (phen) ligands. The 2 2+ exhibits rotary motion (its mechanical schematic is shown in Fig. 1c ) when powered by light and heat. In the starting state of 2 2+ , the interlocked M42 and M63 rings are oriented in such a way that all three bidentate ligands participate in complexation with the Ru(II) ion to satisfy its octahedral coordination environment. Upon irradiation of 2 2+ with a 250 W halogen lamp (λ > 300 nm) either in MeCN or CH 2 Cl 2 in the presence of tetraethylammonium chloride, the photochemical process leads to population of the metal-to-ligand charge-transfer triplet excited state and thus the formation of the ligand-field state, which causes decoordination of the M42 ring from the Ru(II) center. Two Cl -ions or MeCN molecules combine with the 
CHEMICAL STRUCTURES AND FUNCTIONS OF LIGHT-DRIVEN MOLECULAR MACHINES
Ru(II) ion to generate 2′a or 2′b 2+ , respectively. Heating of the 2′a or 2′b 2+ solution returns the molecule back into the original isomer 2 2+ . The rotary motion has been characterized with absorption and nuclear magnetic resonance (NMR) spectra [42] .
Aida et al. have reported the demonstration of light-driven chiral molecular scissors (Fig.  4) [43] . The molecular scissors, like ordinary scissors, consist of three essential components: handles, pivot, and blades. Two phenylene groups were used for the handles, which were strapped by an azobenzene unit through ethylene linkages; 1,1′,3,3′-tetrasubstituted ferrocene was used as the pivot; and two phenyl groups were used as the blades. Upon irradiation with visible and ultraviolet lights, azobenzene experiences photoisomerization and expands and contracts reversibly. The photoisomerization serves as the driving force to manipulate the handles. As the two cyclopentadienyl rings parallel to each other rotate freely, the motion in the handles was transferred into the blades through the pivot. The experimental characterizations of the two-state motion induced by the photoisomerization of the azobenzene unit were carried out with NMR and circular dichroism spectroscopy. Further density functional theory (DFT) calculation indicated that the blades are closed when the connecting azobenzene unit adopts a trans configuration. In this configuration the azobenzene expands, moving the two phenylene groups in the handles apart from each other, simultaneously bringing the phenyl groups in the blades closer to one another with a bite angle of 9.2°. On the other hand, in the cis configuration, the two phenylene groups in the handles are brought close to each other and the blade phenyl groups are separated with a bite angle of 58.2° . 
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ASSEMBLY OF MOLECULAR MACHINES ON SURFACES
To date, most of the research on molecular machines has been focused on molecular behavior in solution; however, solutions contain a large number of randomly distributed molecules that cannot be addressed individually or expressed coherently, greatly limiting their potential for device functionality [44] . In order to realize the full potential of artificial molecular machine based applications, it is imperative to organize these tiny nanoscale machines at interfaces so that they can function at the nanoscale and be coupled into larger-scale machineries (microscopic, mesoscopic, and macroscopic) [9, 11, 32] . In light of the significance in taking molecular machines from solution to surfaces, this section reviews recent progress in research of molecular machines at surfaces and in devices. The illustrations present a few commonly used approaches for transferring and assembling artificial molecular machines on solid surfaces, i.e., Langmuir-Blodgett (LB) films, self-assembled monolayers (SAMs), and a single molecular machine in matrix (Fig. 5) . 
LB thin films
The LB technique efficiently transfers organized monolayers from the air-water interface onto a solid substrate [45] . This manufacturing approach yields self-organized and oriented amphiphilic molecular machines (Fig. 5a ) [8, 46] . In addition, the molecular machines in LB films are considered to be in a "liquid crystalline-like" environment, which should help to maintain their mechanical switching properties. The combination of spatial control of superstructure in the solid state and switching behavior in solution state makes the LB technique an ideal one for establishing an interface between amphiphilic, molecular machines and solid supports.
SAMs
SAMs are molecular assemblies that are formed spontaneously by the immersion of an appropriate substrate into a solution of the coating molecule [47] . The self-assembling method can provide highly ordered films without the need for complex equipment. Stoddart and colleagues synthesized bistable rotaxanes with disulfide-based anchoring groups in order to allow self-assembly of rotaxanes onto Au surfaces (Fig. 5b) . The switching property of rotaxane SAMs have been observed in multiple experiments involving chemical and electrochemical stimuli [8, [48] [49] [50] [51] [52] [53] [54] .
Single Molecule in Matrix
The local environment of a single molecular machine or assembly is important to its mechanical properties and it is critical for the interface between the molecule and the microscopic or macroscopic world to be strictly controlled for device applications [55] [56] [57] [58] .
Weiss and colleagues designed an azobenzene-functionalized molecule, 4-[2-(4-phenylazophenyl)-ethoxy]-butane-1-thiol, to chemisorb within domains of decanethiolate SAMs on Au (111) substrates through co-assembly ( Fig. 5c ) [59] . This configuration minimizes conformational changes around the Au-sulfur bond, and gives stability through favorable intermolecular interactions within the monolayer. It also reduces steric constraints as well as electronic coupling between the excited-state orbitals of the molecule and the Au substrate. The molecular tethering scheme allows the azobenzene moiety to protrude from the matrix, which minimizes electronic coupling as well as steric hindrance. Hence, surface quenching and nonphotoinduced switching effects could be limited, and single molecules could be reversibly switched between ON and OFF states by photoirradiation ( Fig. 5c ) [59] .
CHARACTERIZATIONS OF MOLECULAR MACHINES ON SURFACES
For molecular-machine-based devices to work properly, it is imperative that their dynamic mechanical properties are preserved on the solid-state surfaces [32] . Therefore, it becomes important to be able to characterize the dynamics of molecular machines on surfaces, either in assembly or at the molecular level. Surface confined artificial molecular machines and assemblies can be characterized with many techniques, such as cyclic voltammetry (CV) [60] [61] [62] , X-ray absorption spectroscopy (XAS) [63] , X-ray photoemission spectroscopy (XPS) [8, 63] , Raman spectroscopy [64] , and scanning tunneling microscopy (STM) [59] . In this section, we choose to highlight and discuss a few of these techniques in detail. CV is a potentiodynamic electrochemical measurement that is generally used to study the electrochemical properties of an analyte in solution. Typically, a three-electrode setup consisting of a reference electrode, a working electrode, and a counter electrode is used. The electrode potential, measured between reference electrode and working electrode, cycles linearly with time, and the resultant current is measured between working electrode and counter electrode. Finally, a voltage v.s. current curve is generated to ultimately characterize the solution. Stoddart and colleagues have extended CV to investigate the redox behavior of SAMs of bistable rotaxane and dumbbell compound on Au substrates [54] . In the rotaxane, a cyclobis (paraquat-p-phenylene) (CBPQT 4+ ) ring can be actively shuttled between the trathiafulvalene (TTF) unit and the 1,5-dioxynaphthalene (DNP) unit during the redox process. In the investigation of the TTF-centered oxidation processes, three oxidation peaks were observed for rotaxane at + 310, + 490, and + 630 mV in an intensity ratio of 1:9:10, respectively. By comparing the CV between rotaxanes and dumbbells, the authors were able to illustrate the presence of two unequally populated (ca. 1:9) translational isomers: the minor one, in which the CBPQT 4+ ring encircles the DNP ring system, and the major translational isomer, in which the CBPQT 4+ ring encircles the TTF unit. In addition, the CV data of these SAMs displayed a linear increase in current with scan rate, which verifies the presence of a surface-confined redox system. In addition, through the integration of the current with respect to the time associated with each peak, the authors have found the surface coverage of rotaxanes to be 0.25 molecule/nm 2 . Vance and colleagues presented clear evidence for the formation of SAMs of rotaxanes on Au (111) based on XAS and XPS measurements [63] . The SAMs were prepared from an anthracene-stoppered thiol thread, a pseudorotaxane obtained by mixing the thiol with dibenzo-24-crown-8 and a disulfide-containing the [3] rotaxane. XAS and XPS measurements demonstrated that the form of the monolayer precursor dictated the outcome of surface adsorption. Furthermore, using XPS, Huang and colleagues demonstrated, for the first time, that amphiphilic, bistable [2] rotaxanes are mechanically switchable in closely-packed LB films mounted on solid substrates (Fig. 6) [8] . It is well known that, in XPS, the photoemission intensity of each element depends on the depth at which the photoelectron is emitted, with intensity attenuating exponentially with increasing depth. Molecular switching was monitored by using XPS to track nitrogen, which is present only in the rotaxane's mechanically active part: the ring component (inset in Fig. 6 ). Figure 6 indicates that the density of nitrogen is significantly higher in the switched state (when the molecules are oxidized, shown in red) than in the starting state (shown in green).
Raman spectroscopy, relying on inelastic or Raman scattering of monochromatic light with molecules, is a spectroscopic technique used to study vibrational, rotational, and other low-frequency modes of molecules or their functional groups [65] . The Raman signal of a certain functional group can serve as a fingerprint for the molecule. Although Raman scattering is very weak, only ~ 10 -6 of the incident light intensity scatters inelastically, when the monochromatic excitation matches the electronic transitions in the molecules, resonance Raman occurs and boosts the signal significantly (~ 10 6 times). Flood and collaborators have taken advantage of resonance Raman spectroscopy (RRS) to study the threading behavior of TTF and CBPQT 4+ (Fig. 7a ) [64] . UV-Vis-NIR spectroscopy reveals an absorption peak at about 865 nm (Fig. 7b) , which is attributed to the TTF to CBPQT 4+ charge-transfer (CT) transition. An excitation wavelength of λ exc =785 nm was used to excite the higher energy side of the CT transition and give a strongly enhanced Raman signal. In the experiments, the TTF was titrated into 0.2 mM CBPQT 4+ solution (MeCN) using a tip-drying method. As expected, the 865 nm CT absorption band grew during the course of the titration (Fig. 7b) Very recently, Flood and collaborators have moved forward to demonstrate that Raman signals from the threading behavior of TTF and CBPQT 4+ can be further enhanced by combining RRS and surface-enhanced Raman spectroscopy (SERS), i.e., surface-enhanced resonance Raman spectroscopy (SERRS) [66] . SERS has attracted great interest for detecting and identifying molecular structures with single molecule sensitivity [65, 67, 68] . Dramatically enhanced local electromagnetic fields associated with excitation of the localized surface plasmon resonances (LSPRs) are the primary mechanism behind the signal enhancement, and thus metal nanostructures are commonly used as SERS substrates [65] . In SERS, when the excitation wavelength overlaps with the LSPRs, the Raman scattering efficiency of a molecular system can be increased by multiple orders of magnitude, which makes Raman signals from SAMs of molecules detectable on metal surfaces. By engineering the shape and size of the metal particles to tune their LSPRs, it is possible to take advantage of both RRS and SERS to achieve an enhancement in Raman signal of up to ~10 enhancement makes SERRS sensitive enough to monitor the motions of SAMs of molecular machines on surfaces. STM is a powerful instrument for imaging surfaces at the atomic level with a resolution of ~ 0.1 nm or smaller [58] . Recent progress in STM imaging has allowed the visualization of arrangements, orientations, and even inner structures of molecules confined to surfaces. Shigekawa and colleagues have constructed a molecular abacus based on polyrotaxane, consisting of α-cyclodextrin (α-CD) rings and a polyethylene glycol (PEG) chain [69] . Through STM, single α-CD rings threaded on the PEG chain were detected and reversibly manipulated with the probe of STM. Weiss and colleagues used STM to study the coassembly of an azobenzene-functionalized molecule, 4-[2-(4-phenylazo-phenyl)-ethoxy]-butane-1-thiol, and decanethiolate on a Au (111) substrate (Fig. 5c) [59] . As shown in Fig. 5c , without illumination, the azobenzene was in the trans state and imaged as a 2.1 ± 0.3 Å apparent protrusion from the matrix. The molecules were then exposed to UV light (~365 nm) and imaged with STM at increasing illumination times, shown in Fig. 8 . Upon continuous UV illumination, the molecules switched to the cis state, and were characterized by an apparent height reduction of ~1.4 Å (Fig. 5c) , with an increasing number of molecules switched at longer UV illumination times (shown in Fig. 8 ). After 160 min of UV illumination, more than 90% of the azobenzene-functionalized molecules isomerized from trans to cis. Subsequent illumination with visible light (~450 nm, ~6 mW/cm 2 ) for 30 min switched nearly 50% of the molecules back to the trans state (Fig. 8F ) [59] . 
APPLICATIONS
The controllable and reversible molecular-level motions in artificial molecular machines enable important applications across a variety of fields. With the recent advancements in molecular synthesis, characterization, and assembly, light-driven molecular machines have been demonstrated to work as functional elements in molecular electronics, NEMS, nanophotonics, and nanomedicine [3] . A few examples are presented in this section.
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NEMS
Inspired by simple, biological molecular machines in nature, researchers have been utilizing the controllable mechanical motions of artificial molecular machines to develop NEMS that might be able to operate with a similar elegance, efficiency, and complexity as biological motors do within the human body. Although this remains a lofty goal, some impressive progress has been made along this direction in recent years. As materials for actuation, rotaxanes have many advantages over biological molecular motors and other conventional materials: (1) they can generate strains up to 42%, which are impressive when compared to the strains generated by the gold-standard actuation materials-piezoelectric materials-typically 0.1-0.2%; (2) they have a high force density, e.g., a bistable rotaxane can generate ~100 pN force, while a kinesin biomotor, which is much larger than a bistable rotaxane in size, can only generate 6 pN; (3) they can undergo controlled mechanical motion for a variety of external stimuli, while traditional actuation materials and biomotors must rely on a single stimulus; (4) they can be customized and optimized, therefore conferring the flexibility necessary for a multitude of engineering applications; (5) they can survive in a wide range of temperatures (-30 −100ºC) and pH values (4−10), while biomotors are restricted to physiological conditions (T: ~ 37ºC, pH: ~ 7) [53] . Therefore, although biomotors are near perfect actuators in human bodies, artificial molecular machines such as bistable rotaxanes are more suitable for the development of active nanostructure-based engineering applications (Table 1) . Huang and colleagues have proven a molecular-machine-based mechanical actuator by utilizing a hybrid top-down/bottom-up manufacturing approach [49, 50, 52] . Here the concept of a bistable [2] rotaxane was extended into a doubly bistable palindromic [3] rotaxane to develop a molecular muscle. As shown in Fig. 9a , the palindromic bistable [3] rotaxane is composed of a symmetrical dumbbell component with two rings interlocked onto the dumbbell. The distance between two rings contracts and extends upon oxidation and reduction. Each ring carries a disulfide tether to allow the self-assembly of the rotaxane onto Au surface. These molecular muscles, when self-assembled on microcantilever beams (500×100×1 µm), are capable of bending and stretching the beams during a redox process by stimulated by chemical or electrochemical methods. Figure 9b shows the time-dependent operation of the rotaxane-assembled microcantilever. In this electrochemical method, the redox state was changed by applying a desired potential to the cantilever using a potentiostat, and the deflection magnitude was monitored by variations in a reflected laser beam's position on a photodiode. The potential steps were alternated in order to initiate oxidation and reduction, and the deflections were measured as a function of time (Fig. 9b) . The alternating bending, down and up, of the microcantilever corresponds to the alternating oxidation and reduction of the surface-coated muscle molecules, respectively.
Conversely, microcantilever beams that were coated with a redox-active, but mechanically inert control compound did not display the same bending characteristics. Heat, photo-thermal effects, and pH variation, as potential mechanisms for the observed curvature in the microcantilever beams, were precluded by a series of control experiments. Moreover, using elementary beam theory and analysis, it was shown that these observations support the notion that cumulative nanoscale movements within surface-bound molecular muscles can be harnessed to perform larger-scale mechanical work. In another application, Berna and colleagues demonstrated the use of a molecularmachine-based photoresponsive surface to control macroscopic liquid transport [70] . In this work, a SAM of 11-mercapoundeconoic acid (11-MUA) was assembled onto a gold surface and photoactive rotaxanes were physisorbed onto the SAM with the dumbbell components parallel to the Au surface (Fig. 10) . This rotaxane was comprised of a ring and a dumbbell with a fluoroalkane station and a photoresponsive fumaramide station. Photoisomerization results in a transformation of the fumaramide into maleamide, which has a much lower affinity for the ring component. Thus, irradiation of light reduces the binding affinity of the photoresponsive station to the ring drastically, and the equilibrium position of the ring is in favor of the fluoroalkane station. The ring movement can be used to expose or conceal the fluoroalkane station, thus changing the surface energy. When small drops of low-volatility liquids (e.g., CH 2 I 2 ) were deposited onto the molecular-machine-based photoresponsive surface, the collective operation of the rotaxane monolayer was sufficient to power the movement of a microlitre droplet up a twelve degree incline (Fig. 10c) . The experiment showed nearly ~50 % efficiency⎯approximately 50 % of the light energy absorbed by rotaxane was used to overcome the effect of gravity. 
Nanomedicine
Nanomechanical systems that are designed to trap and release cargoes from carriers in response to a stimulus are potentially useful in medical applications, mainly precise drug targeting and delivery [71] . Nanomaterials suitable for this type of operation must consist of an appropriate container with stimulus-activated nanovalves. Many research groups have demonstrated that artificial molecular machines with well-controlled movable components can act as efficient nanovalves for precise drug delivery once assembled properly onto the appropriate containers [71] [72] [73] [74] . Prototypes of these delivery systems have been realized with photoactivated moving parts based on the photoisomerization of azobenzene derivatives that have been integrated with mesoporous silica. The decrease in the size accompanying the transition from trans to cis isomers in azobenzene molecules attached to pore interiors has been used to regulate the transport of molecules [75] . In another example, Stoddart and colleagues reported an approach that takes advantage of the difference in binding affinity between β-CD and transJournal of Nanophotonics, Vol. 4, 042501 (2010) Page 12 azobenzene (high) and β-CD and cis-azobenzene (low) to control the release of cargo molecules from mechanized silica nanoparticles (Fig. 11 ) [76] . The functionality was demonstrated on two MCM-41 nanoparticles modified with azobenzene derivatives (AB). The AB were prepared from 4-(3-triethoxysilylpropylureido) azobenzene (TSUA) and (E)-4-((4-(benzylcarbamoyl)phenyl)diazenyl) benzoic acid (BPDB) with pyrene-modified β-CD (Py-β-CD) and β-CD as caps, respectively. For AB, trans is a more stable configuration. In the case of MCM-41 carrying AB-containing stalks, β-CD or Py-β-CD threads onto the stalks and bind to trans-AB units, thus sealing the nanopores and stopping release of the cargo. However, upon irradiation of 351 nm light, AB isomerizes to the less stable cis configuration, resulting in the dissociation of β-CD or Py-β-CD from the stalks, which opens the gates to the nanopores and releases the cargo. The fluorescence of Py-β-CD was first used to characterize the dissociation of the rings from the nanoparticles. Results from the more water-soluble BPDB-derived stalks on the nanoparticles further confirmed that β-CD rings can prevent the cargo, Rhodamine B, from leaving the MCM-41 nanopores when they bind with the AB trans units; the rings can also release the cargo once they are dissociated with the AB cis units as a consequence of the light-promoted isomerization.
Nanophotonics
Research in nanophotonics investigates and utilizes the interaction of light with nanostructures [77] . The phenomena that occur when light interacts with structures at the nanoscale are interesting both for scientific purposes and the development of novel photonic devices [78] [79] [80] . Artificial molecular machines can provide controlled mechanical motions at the nanometer scale: a property that could vastly impact emerging functional elements for nanophotonics. Molecular-machine-based functional photonic devices have targeted many important applications such as light harvesting, display, and nanoscale optical integrated circuits [81, 82] . In this subsection, we give a few examples of the applications of artificial molecular machines in the field of nanophotonics.
Light harvesting
Energy presents perhaps the most significant challenge of the 21st century. The electromagnetic radiation from the sun provides quantities of energy far exceeding human needs, and could become the most significant source of renewable energy for the development of our society if it can be efficiently harvested. Among many different methods to capture sunlight, photovoltaics (PV) have emerged as one of the most prominent ways to convert sunlight directly into photocurrent that can power anything that runs on electricity. Stoddart and colleagues have devised a sunlight-powered artificial molecular machine; it uses a switching element based on noncovalent interactions within recognition units to execute mechanical movement. A light-harvesting unit utilizes the sun's radiation to control the competitive interactions between the recognition sites [83] . As shown in Fig. 12 , a molecular triad 11, composed of (i) an electron-donating TTF unit, (ii) a chromophoric porphyrin unit, and (iii) an electron-accepting C 60 unit, has been used to harness light and convert it into electrical energy. The electrical energy was then utilized as a nanoscale power supply to drive the dethreading of the BHEEN ⊂ CBPQT 4+ pseudorotaxane (Fig. 12) . In the presence of 413 nm light, 6.7% of the 0.37 mM pseudorotaxane in MeCN could be dethreaded over 2900 s. with photocurrent generated by the molecular triad 11 [83] . Copyright (2005) Wiley-VCH.
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Full-color electronic paper display
Electronic paper displays (E-PADs) are an ultrathin and flexible electronic display that combines the viewing characteristics of conventional printed paper with the ability to electronically manipulate the displayed information; these EPADs attract great interest for applications in wearable computer screens and electronic newspapers [84] . Although black/white E-PAD prototypes have been demonstrated [85, 86] , the full-color display is the ultimate goal. The existing technologies for producing full-color E-PADs have several shortcomings. For example, high complexity and cost arise from the use of different lightemitting materials to provide red (R), green (G), and blue (B) sub-pixels. Current pixel components based on electrowetting manipulation of microscale liquid droplets have limited resolution [86] .
The development of novel organic materials, such as mechanically interlocked molecular machines, could offer an alternative way to construct thin, flexible, and light-weight E-PADs. Figure 13 illustrates the concept of electrochemically controllable RGB catenane display [87] . In the [2] catenane, changing the location of the CBPQT 4+ ring between the three π-electron rich stations generates three different colors (R, G, B) by varying the CT interactions between the CBPQT 4+ ring and the three distinct stations. As a preliminary step, Stoddart et al. have demonstrated the electrochromism of two-station [2] catenanes in a polymer gel matrix (polymethylmethacrylate gel) [88] ; they used CV measurement to monitor the kinetics of the electrochromism. In the neutral state, the CBPQT 4+ ring resides preferentially on the TTF site (ground state), and the polymer matrix shows green color. The oxidation of the TTF unit is accompanied by a rapidly driven shuttling of the CBPQT 4+ ring to the DNP site and a color change of the polymer matrix from green to red/purple. Upon reduction, CBPQT 4+ relaxes from the metastable state and returns to its charge-neutral state (green color). Recent theoretical studies from Stoddart's group predicted that RGB colors should be obtained from TEG, respectively [89, 90] . Experimental realization of the three-station [2] catenanes for RGB colors is currently underway. Fig. 13 . The proposed design for electronic paper display (E-PAD) based on the electrochromism of electrochemically-controllable three-station [2] catenanes. The control voltage is applied between the transparent electrode and the soft active matrix to manipulate the three-station [2] catenanes which are capable of exhibiting RGB colors in response to the applied voltage. The RGB colors originate from the CT absorption bands between the CBPQT 4+ and the three stations on the macrocyclic polyethers [87] . Copyright (2008) IOP Publishing Ltd.
The proposed method using novel RGB tristable three-station [2] catenane has many advantages when compared to the existing technologies for full-color E-PADs. First of all, the proposed method consumes much less power: while the existing technologies require at least a 15 V driving voltage [86, 91, 92] , control of the tristable [2] catenane, and thus the catenanebased E-PADs, requires only 0.5-2 V. Second, each pixel only needs a single basic cell instead of three to generate R, G, and B colors. This feature would dramatically reduce the complexity and the cost of the resulting device. Third, since the proposed E-PAD is based on molecular behavior, it can provide up to nanometer resolution. Finally, it has higher dynamic range (100% switching) than existing technologies (~75% switching). We envision that if realized, the RGB catenanes will pave the way for the cost-effective production of highfrequency, high-resolution, energy-efficient, full-color E-PADs.
Molecular plasmonic switches
Surface-plasmon-based nanophotonics [81, 93] , or "plasmonics," can potentially guide and manipulate light at subwavelength scales and thereby allow the development of nanophotonic integrated circuits [94, 95] . Although major breakthroughs have been made in plasmonic waveguides [96] [97] [98] [99] [100] , couplers [101, 102] , and lenses [103, 104] , a limited amount of research has been conducted on active plasmonic components, such as switches and modulators [105, 106] . Recently, active plasmonic systems that used metal nanoparticle/molecule complexes were demonstrated and shown to have considerable promise as a new class of ultrasmall plasmonic components [107] [108] [109] . In these plasmonic systems, the molecules shift the localized surface plasmon resonance (LSPR) of the metal nanostructures by changing the coupling between surface plasmon resonances and molecular resonances [110] [111] [112] [113] [114] [115] . To date, the LSPR shifts in most of these systems are irreversible processes [110] [111] [112] [113] [114] [115] . To realize the potential of molecular-level active plasmonics, a reversible shift of LSPR is needed [107] . Herein, Zheng and colleagues take advantage of the reversible, controllable mechanical motions in molecular machines, such as switchable bistable rotaxanes, to demonstrate a molecular-level plasmonic switch that can be reversibly controlled by molecular machines. As shown in Fig. 14a , SAMs of disulfide-tethered bistable rotaxanes were formed on Au nanodisks by incubating the nanodisks in a solution (0.1 mM in MeCN) of rotaxanes [48] . The Au nanodisks were fabricated on glass substrates using nanosphere lithography [116] . The extinction spectra for the rotaxane-derivatized Au nanodisks in an oxidation/reduction cycle are shown in Fig. 14b . Oxidation of the rotaxanes caused the LSPR peak to red shift from 690.4 ± 0.2 to 699.9 ± 0.2 nm, while reduction caused the peak to blue shift back to its initial position. The reversible peak shift was reproducible through many oxidation and reduction cycles. Further control experiments and a time-dependent density functional theory (TDDFT)-based microscopic mode support the idea that the reversible switching in the LSPR of Au nanodisk arrays correlates with the chemically-driven mechanical switching observed for surface-bound bistable [2] rotaxane molecules.
The active molecular plasmonic system demonstrated here can be differentiated from existing systems in the following aspects: (i) the active component, bistable rotaxane, is one of a unique class of systems that can deliver controllable, reversible mechanical motions at the molecular level; (ii) the LSPR modulations observed here have been obtained for from a monolayer (<10 nm thickness) of molecules, rather than from thin films or polymer matrices (>50 nm thickness) [117] [118] [119] [120] ; and (iii) unlike some molecular plasmonic systems that only function in solution [121] [122] [123] [124] , the bistable rotaxanes operate after being immobilized onto solid substrates. Furthermore, the structure and properties of the wholly synthetic bistable rotaxanes can be customized and optimized. The flexibility in chemical structure enables the development of various bistable rotaxane-based molecular switches that have prescribed optical properties and a wide range of possibilities for external stimuli, i.e., chemical, electrochemical, or photochemical [3] . The latter two stimuli are particularly promising because (i) the act of switching is simple, (ii) the switching takes place without producing chemical waste, and (iii) the molecular mechanical motions are induced and detected using only electricity or light. It is plausible that the chemically-driven redox process could be replaced with direct electrical or optical stimulation; this development has the potential to establish a technological basis for the production of a new class of molecular-machine-based active plasmonic components for solid-state nanophotonic integrated circuits with the potential for low-energy, nanoscale operations.
CONCLUSIONS
In this article we reviewed recent advances in light-driven artificial molecular machines. Although the field may still be young, research in the area of light-driven artificial molecular machines has gained momentum in the past decade. Many molecular machines with precisely-tailored structures and functions (e.g., molecular analogs of rotors, gears, switches, and shuttles) have been synthesized. Aided by the development of different surfaceassembling methods and characterization tools, significant efforts have been made to move the research on molecular machines from solution, to surfaces, to devices settings [125, 126] .
With the recent advancements in molecular synthesis, assembly, and characterization, lightdriven molecular machines have been demonstrated to work as functional elements in numerous applications. For example, cumulative nanoscale movements within molecular machines have been harnessed to perform large-scale mechanical work (e.g., driving microcantilever beams and manipulating microliter droplets). Light-driven molecular machines have also been utilized in biomedical applications such as drug delivery. Most recently, the mechanically induced optical switching properties of molecular machines have been utilized in nanophotonic applications, such as light harvesting, electronic paper display, and molecular active plasmonic devices. Just as individual molecules must organize into coherent assemblies for larger-scale work, so must chemists, material scientists, and engineers work together to promote a better fundamental understanding of light-driven molecular machines in surface-bound and solid-state environments. Major challenges in this field remain, such as unidirectional molecular rotors, faster molecular motions over longer time frames, molecular machines with rigid backbones, and bio-compatible, light-driven molecular machines. Despite these challenges, we believe that with concerted, collaborative efforts across various disciplines, multifunctional molecular machinery has promising applications over multiple scales (i.e., nano, micro, meso, and macro) for applications in molecular electronics [19] , NEMS [127] , nanomedicine [128, 129] , and nanophotonics [130] [131] [132] [133] .
